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By W. H. Gray 

The a e r a Q m c  characteristics of t h ree  sets of blades were 
investigated over 88 wide.a range of operating  conditions  ae  possible. 
One set of blades, conventional in design, was campared with a second 
set,  which  differed  princip- in that t h e  blades ertibodied sweep, and 
with a nonswept  set having thinner blade sections. The test  sonditions 
did  not  duplicate the  blade design conditians although the  actual  thrust 
loadings  were v e r y  nearly those for the desi&  condition of the  conventional 
straight  blades  but  not fo r  t h e  sveptback blades. 

The sweptback  blades  were in general inferior  to t h e  straight  blades; 
however,  the teat Mach  numbers  were  insufficiently  high  to encaqaas the 
apeeda for  which  aweepback I s  believed to be beneficial. The emelope 
efficiency of the  straight  thin blades X&B as much 2.5 percent  higker 
than for  the other sets  of blades and  the  effect of rotatlond speed on 
the  thin blades V&B negligible. 

IXTRODUCTION 

The design  of  propeller blades f o r  laigh-qeed, especially  transonic- 
speed, operation I s  hampered- by a lack of adequate  airfoil-eection hta. 
Likewise, the  testing  of  such blades, Fncluding those with sweepback, is 
hampered'by lack  of  suitable  facilitiee f o r  testing at the necessarily 
high speeds which duplication of design  conditions  requires. Wind"tirnnel 
tests  reported  previously have indicated vaming amounts of benefit from 
sweep,  but none of  these  teste  approached  actual  full-scale  flight 
conditio-.  Referenoes 1 and 2, for instance, amployed blades of Ermall 

c scale, appoximately 3k feet and 1 foot In diameter,  respective-. The 
2 

tests of reference 3 employed a 10-foot4iamster propeller, but only the 
immediate  tip  sections of the blades were swept back. 

Flight  tests of several full-scale thredlade propellers enibeing 
both  sweptback and related  conventional blades of Curtis8  design have 
beeh conducted by Ch~r-bise Propeller Division, C u r t f e d r i g h t  Corporation. 
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No conclusive  evidence m a  obtained in these  flight  tests  to  e8tablish 
a q y  definite  proof  of  superiority  for the  sweptback  blades. 

The  flight  tests were follow+  by a xind-tmnel program  at  the 
Langley 16-foot  high-epeed  tunnel employing the identical  blades in 
a t w c 4 l a d . e  version. Two propellers, approximately 13 feet  in  diameter, 
whose  blades  differed in that one pair  employed  sweep,  were  compared 
with a third pair of the same diameter also with  straight  bladee  but 
differing in section  thiclcnem and section design lift  coefficients 
f r o m  the first straight-bla.de  propeller.  Neither the deeign conditions 
nor t he  flight-test  conditions  could be duplicated in the wind tunnel. 
It  wae hoped, however,  that for  t h e  poseible  teat  conditions  definite 
a,erodynamic  trends  could  be  established. In addition,  the  actual  blade 
loading was to be meamred by mans of a propeller-wake survey rake. 

a o m a t e r . -  The  tests  described in the  preaent  paper  were con- 
ducted in the Langley l&foot high-speed tunnel using t h e  2000-horeepower- 
propeller &pamameter in a modifled  configuration. No spinner wae used 
t o  cover  the  hub and blade ~hanlr~ for t h e m  testa. The resulting mange- 
ment,  therefore, w m  similar to that  uaed in reference 3 .  Figure l shows 
R general view of t he  test setup with  the aweptback blades installed. 

I 

Propeller  blades.- Three sets of blades, each  embodying lkeries 
sections, were teated in twdlade configurations.  The  geometric 
cha~acteristics of these three Curtis8  Propeller Compaq deslgne  are 
ahown in figure 2. Throughout this  report  each set  of bladee w i l l  be 
identified  by Roman numerals. The  eweptback blades, C u r t l s s  deaign 109494, 
designated eet  I, which m e  ful ly described in reference 4, have essentially 
the same section thichess ratios,  width  ratios,  and  design  lift  coef- 
ficienta  gerpendicularr  to t h e  blade center line BB the straight4lade 
Curtise  design 109390, hereinafter  referred  to as set II. The blades of 
set I1 were designed  for a highqeed flight condition of the XF"47M air- 
plane,  whereas  those  of  set I w e r e  designed for a high-apeed  dive,  condition 
of the  P47D-30 airplane. This airplane was equipped with an .R+80-9 engine 
having a 0.5 g e m  ratio.  The itdzed dive  conditio- are 600 miles per hour 
at 2100 brake  horsepower, 25% engine rpm, and 23,OOCbfoot altitude. The 
amount of sweep  incorporated in thie  blade is shown in figure 3.  A certain 
amount of sweepforwa2-d- is incorporated on the inner blade  eectiona to balance 
the  bending  moments  incurred by t h e  sweepback of the  outer blade sections. 
Sweep angles exceed 30° only outboard  of the 90-percentradiue  station 1 

and are only 45' at the  tip. As mentioned in reference 4 the  eweepback 
distribution  was  purelgr arbitrary and m e  a compromise  required by t h e  con- 
siderations of the effect of sweepback  on  aerodynamic wrovements, blade 
atress,  twistFng  moment, and bending  mazgente.  Samewhat lees twist  has  been 
incorporated  in  the  blades  of set I for  sections lees than 50 'percent  radiue 
and somewhat more twist  at greater radii than has, been  incorporated  in  the 
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blades of set II. This  twist  differs  because not only were the  design  con- 
ditions of t h e  two blades  slightly  different,  but a l s o  the  pitch  distribu- 
tion  of the sweptback blades is affected by the  incorporation of sweep and 
the necessq allowances for the  differences fn-sectional velocities from 
those  of unewept blades. 

The thin straight blades, Curtiss  design 109498, designa,ted as set  III, 
have considerably  th-er  blade  sections throughout. The sectiona are 
5 percent  thick or  less frm t he  5&percent~adius station  outboard as 
conrpaxed with about 7 percent  for t h e  blades of sets I and II. The design 
lift  coefficient f o r  this  set  has been reduced ae w e l l .  The maximum 
design  lift  coefficient 18 0.41 compared vith 0.51 for t h e  other two sets 
of  blades. 

The symbols and definitions used in the present  paper  axe a~ follows: 

b blade chord,  feet 

design  section  lift  coefficient 

blade-section  thrust  coefficient 

propeller  diameter (apprax. 13 ft) D 

h b1ade"aection maxFmum thichss, feet 

advance  ratio (V/ID) J 
b 

fkee-stream  Mach number M 

helical-tip  Mach number M 1 + J (:I2) Mt 
propeller  rotational speed, r p ~  n 

P power absorbed by propeller, fooLpounds per  aecond 

propeller thrust, pounds T 

V free-rrtream  airspeed, feet per  eecond 

X 
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B 

p 42 

9 

P 

blade angle, degrees 

blade angle at the 42-inch radius, degrees 

efficiency 

mas6 demity of a l r ,  slug6 per  cubic  foot 

Scope.- The three sets of blades were tested over ae great a range 
aa poseible  wlthin the power and meed limitation8 of the dynnmnmAter 
and the wind tunnel. All tests were made a t  constant  propeller speed 
for   three  rotat iond.  speeds: 960, 1350, and 1500 rpm. blade angles 
were s e t  at the 42-inch radius and the t ee t e  at each rotational apeed 
were made in 5 O  increments  through as wide a range of blase an@es &B 
poeeible. A 8- of the t e s t e  is made in  table  I. 

Effects of dAameter.- The meptback  blades, se t  I, changed diameter 
wi th  blade angle - decreasing  blade ang le  resulted in increasing  diameter. 
The change i n  diemeter for the bled-e range of these tests was only 
0.07 feet, or  0.5 percent.  Thie  characteristic was accounted for  in the 
evaluation  of ' the data throughout the   t ea t s  by the u m  of the actual 
diameter a t  each blade angle. 

Correction for t m e l  interference.- A l l  velocity  data  are  for 
equivalent f'ree-8tream airspeed. The lwge r a t i o  of propeller-diek 
area  to  tunnelrthroat are4 necessitated  relatively  lmge  aorrection  to 
the velocity,  but it was aesumed that Glauert's method of correction 
from tunnel datum t o  equivalent Free-etream veloci-ty -8 e t i l l   v a l i d .  
The blede t i p s  were operating  well  outalde the boundary layer which has 
been found t o  be 8 inches  thick at the  propeller  plane. 

f 

Evaluation of tare6.- Ae mentioned previously, no spinner pras used 
t o  cover the hub and blade  shanks for  these tests  and, therefor% careful 
evaluation of the tare drag WEB necessitated.  Figure 4 &OWB a cloee-up 
of the hub tare eetup. For the blade angles and rotat ional  speed8 employed 
it wae evident that the  bracelets  wed t o  clanrp the blade shanks in the hub 
adapters acted  sufficiently l ike small though inefficient a i r f o i l s   t o   c a u ~ e  

.appreciable changes in the tare   thruet   or  drag. Separate  taree were 
required  for  each blade angle. The chaDges i n  torque caused by the action 
of these  bracelets w a s  inconeistent and negligible. .. 

By proper  evaluation of the tarea,  propeller"  efficiency rather than 11 

"propulsive"  efficiency was derived from the data. Reduction of the  force d 
data t o  this form wae neceEse;llg i n  order t o  campare the force data with 
survey-rake data which naturally me "propellerm data. Actually the 
resu l t s  will differ frm propeller  results, became the drag of hub barrele 
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containing  stub  blade ends (Pig. 4) has been assumed t o  be the same as for  
hub barrels contabing  blades.  This  asmnption is not   s t r ic t ly  true, but 
It  was believed t o  be sufficiently  accurate  for  the  present  tests. 

Survey rake.- The propeue-e survey rake ueed in these  teets w a s  
installed fn a vertical  position  with  the  tube  orifices 16 inches &own- 
stream of the  propeUeAub  center llne. There were 12 t o t a l  tubes and 
4 s t a t i c  tubes located  within the propeller  slipstream and 1 total   tube 
and 1 stat ic   tube were outside the propeller  slipstream. The t o t a l  heads 
also incorporated yaw tubes which were intended  for  determination of 
torque data. It w a ~  found that the characterist ics of these yaw heads 
in  the  oscil lating f low behind the propeller were not  sufficiently good 
t o  give  satisfactory results, eapeciallg at the higher t e s t  Mach numbers. 
Therefore, only resu l t s  of the thrust distribution as obtained f r o m  the 
t o t a l  heads are  presented in thfs paper. The values of propeller thrust 
coefficient are obtained in the usual manner bs integration of the  plots 
of section t m t  coefficient  againet radfal tube  location. 

General  aerodpmnic  characteristics - force  data.-  Thrust  coefficient, 
power coefficient, and efficiency comprise the aerodynamlc-cWacteristic 
c m e s  presented i n  figures 5 t o  13. (m figures desired may readily be 
selected by reference t o  table I.) 

The envelopes of the efficiency curves are compared in figure 14 
for  each propeller a t  the three rotational speeds. Figure 14 &LOWS 

that the sweptback propeller, set I, was most affected by increased .. rotational speed and the thin4lade propeller, set III, wae least   affected 
The equiyalent t i p  Mach nrmiber for each rotational speed and advance ratio 
may be detemned Pram figure 15. An average  dlameter f o r  the blades of 
s e t  I was used in the preparation of this figure but  the  error  thus in** 
duced i s  well  within the accuracy f o r  detezmination of wind-tumnel Mach 
number.  The maxFmum t i p  Mach number for  which envelope  conrpari~ons may be 
made is exactly 1.0. Figure 16 repeats  the  curves for figure 14 by 
dlrectly comparing the three sets of blades at each of the  three  rotatfonal 
meeds. In general, the sweptback bladee, s e t  I, have the poorest  efflcien- 
cies and the  thinner blades, s e t  III, the best efficiencies. The maximum 
difference between of the three envelope efficiencies is about !+ percent. 
This latter  difference  occurs even at 190 rpm at a value of J correapond- 
i n g  to the   t ip  Mach  num.ber of 1.0. 

These resul ts  are as'inconclusive in regards t o  the  benefits of s w e e p  
back as were the Curtiss flight tests,  reference 5. I n  general, the trends 
indicated in the flight t e s t s  have  been repeated  in the wtnd-tuunel t e s t s  
although the actual flight-test conditions  could not be duplicated. The 
general  conclusions that may be drawn f'rcm these  resul ts   me that the   t es t  
Mach nunbere were insufficiently high to include the speed range  for which 
sweepback is believed t o  be of benefit, and that  other  factors, such as 
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propeller  operation  away from the design  conditions  end  too large blade 
thickness, may have  affected  the  results.  There is no question,  hawever, 
that  the  effect of thin  sections, a8 W been demonstrated many times 
previous*, is beneficial. 

General  aercdynamic  characteristics - eurvey data.- The integrated 
values of t-t coefficient  obtained from the rake total-head  tubes a r e  
compared with faired  force  data in figures 6(b), g(b), and 12(b). The 
agreement may be considered very good. AB mentioned above, the  agreement 
for  the  integrated  torque  data  was  n6t as good and, became of  discrepancies 
at  higher  Mach  numbers,  the  data  have  not been preeented. 

Plots of rJeCti0n th3Ym-L coefficient  obtained fram the survey rake 
and  force-data  power  coefficient are presented in figures 17 to 19 for 
1350 rpm only. f i u m  these  plots caparisons of  thrust loading curves mag 
be plotted  for  identical  conditions  for aJJ. three propellers  within  the 
limited range of the  teats.  This  has  been done for two pecrticular cases 
in figure 20. Figure 20( a) compare6 the  three propellers  for a "climb" 
condition, J = 0.9 and Cp = 0.06, which  represents  the lowest values 
of J and Cp  for  which caparisons may be made from these  test  data, 
and figure 20(b) compares the propellera for a "cruising" codition, 
J = 1.2 Ehnd Cp = 0.07, which  represents  the  large&, valuee of J 
and Cp for  which  comparisons mey be made from these data. The tip  Mach 
numbers foy the two conditioner  were 0.83 and 0.87, respectively.  There 
is little  difference in thrmst  distribution between the blades of sete I1 
and III, but the sweptback blades, set I, appess  to be more lightly loaded 
f r o m  x = 0.55 to 0.95 and m r e  highly  loaded  towards the tip. The latter 
condition  should  have  benefited t h e  meptback blades had  the  test  conditions 
been at a sufficiently  high  Mach  number. The actual design  conditions  of 
the  sweptback  bladee  result in a value of  tip  Mach rider of 1.203, J = 3.19, 

d 

f 

and  cp = 0.285. 

The integrated values of  the  section  thruet  distribution  ehown in 
figure 20(b) should bear t he  same qualitative  relation  to  each other as -6 

sham by the emelape curves of figure 16 at the same value of J. Figure 16 
indicates  that  at J = 1.2 the blades of  set III have  the  highest  efficiency 
and  the blade8 of  eet I the lowest. In figure 20(b) the  blades  of  set I have 
the  lowest  integrated value of CT, or  efficiency,  the  other two blades 
have essentially  the same values of CT. The discrepancy may be ascribed  to 
the necessm fairing  of  both t h e  element4 " w t  coefficients  and  force 
power coefficients in figures 17 to 19, from which  the  thrust  distributions 
of figure 20 were derived. 

The  test  conditioner were EO far from actual  flight and design  conditions d 

that the results have been compared  with t h e  design  condition  for  the blades 
of sets I and II in figure 21. The calculated  design  thrust load lngs  are 
obtained from reference 4. A l l  curves  have been adjusted BO that  the  maxi- ? 
mum sectlon  thrusts are equal. Inepection of the  curves affords  a qualitative 
congarison of the radial section  thruet  distribution.  The  straight blades, 
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set II, were apparently  operating  Close to the  deeign  thrust  loading 
(fig. =(a)). The sweptback blades, set I were operating far f r o m  the  
design  thrust loading condition  (fig. 2l(bj ) . Although the  curves have 
not  been  adjusted to have the aame integrated value of thruet,  it is 
ob7ious that In the test candftion the  iwer blade  sections were more 
heavily loaded and the tlp  sections were lees heavily loaded than was t h e  
case for the design  condition.  Because the design loadfng w m  derived 
from a Betz l o a d h g  condition and became the immediate  tip  sectiona 
(x = 0.9 to tip)  incorporated the main portion of the blade sweep, it is 
not  surprising  that the Bweptback blade had inferior  chazacteristics when 
ccqpared w i t h  bladea which were aperating nearer to  their desfgn condi- 
tions. 

CmcL~IONs 

1. The sweptback blades were Fn general  inferior to t he  straight 
blades; however, the  test  Mach  numbers were insufficiently  high  to 
encompass t he  epeede for which  8weepback l e  believed to be beneffcial. 

2. The errpelope  efficiency  of the straight  thin blades was as  much 
as 2.5 percent  higher  than  for  the other sets of blades and t h e  effect 
of rotational speed on t h e  thin blades waa negligible. 

Langley Aeronautical  Laboratory 
National Advismy  hmmittee for Aeronautics 

Langley Field, Va. 
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Figure 1.- Sweptback blades installed on dynamometer. 
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Figure 5.- Continued. 
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(c) Efficiency. . 

Figure 5.- Concluded. 
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(a) Thrust coefEicient - force data. 
Rgure 6.- Characterlstlcs of set I at 1350 rpm. 
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(b) Thrust cmffLdent - S U F J ~ ~  data. 
Figure 6.- Continued. 
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(c) Power codicient. 

Figure 6.- Continued. 
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(d) Mnciency. 

Figure 6..- Concluded. Iu 
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(a) Thrust coefficient. 

Figure 7.- Characteristics of set I at 1500 rpm. 
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(b) Power coefficient. 

Figure 7.- Contlnued. 
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(c) Efflciencg. 

Figure 7.- Concluded. 

w 
. .. . .  



(a) Thrust coefficient. 

Figure 8.- Cbaracterlstics of set at 880 rpm. 
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(b) Power coefelcient. 

Figure 8.- Continued. 
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(c ) Efficiency. 

Figure 8.- Conchled. 
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(a) Thrust coefbcient - force data. 
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Figure 9.- Characteristics of set II at 1350 rpm. 
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(b) Thrust coefficient - survey. data. 
Figure 9.- ContLnued. 
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(c)  Power coefficient. 

Figure 9.- Contfm&l. 
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(a) Thrust coefficient. 

Figure 10.- Characteristics of set 11 at 1500 rpm. 
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(b) Power coefficient. 

Figure 10.- Continued. 
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( c )  EffSciency. 

Mgure 10.- Concluded. 
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Mgure 11.- Characteristics of set at 9eO rpm. 
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(b) Power coefficient. 

Figure 11.- ContFnued. 
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(c) Efficiency. 

Figure 11.- .Concluded. 
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(a) Thrust coefficient - force data. 

Figure 12.- Characteristics of set III at 1350 rpm. 
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(b) Thrust coefficient - survey data. 

Figure 12.; Contlnued. 
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(c) Power coefttcient. 

Figure 12.- Continued. 
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(d) Efliciency. 

Figure 12.- Concluded. c 
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(a) Thrust coefflcient. 2 

Figure 13.- Characteristlcs of set III at 1500 rpm. 
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(d) Efilciency. 

Figure 12.- Concluded. 
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(a) Tbrust coefficient. k 
Mgure 13.- Characteristics of set IlI at 1500 rpm. . - 
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Figure 13.- Continued. 
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Figure 14.- Effect of  rotational speed on emelope effidencies. 
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Figure 15.- Average variation of air-stream Mach number ani helical-tip Mach number with advance ratio. 
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Figure 16.- Effect of blade design on envelope efflciekies. 
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Figure 17.- Section thrust of set I from propeller surveys. 1350 rpm. 
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Figure 17.- Continued. 
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Figure 17.- Continued. 
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Figure 17.- Concluded. 
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Figure 18.- Section thrust of set LI from  propeller surveys. 1350 rpm. 
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Figure 18.- Continued. 
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Figure 18.- Continued. 
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Figure 18.- Concluded. 
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Figwe 19.- Section thrust of set LII from propeller surveys. 1350 rpm. 
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Figure 19.- Continued. 
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Figure 19.- Continued. 
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Figure 19. - Concluded. 
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Figure 20.- Thrust-loading curves. 1350 rpm. 



NACA RM No. L8Hl9 

. 

(b) Set I . X 

Figure 21. - Comparison of actual with design thrust-loading curves. 
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